Beta-phase gallium oxide (b-Ga 2 O 3 ) is an attractive ultrawide bandgap (UWBG) semiconductor with a bandgap of 4.6-4.9 eV, which enables deep ultraviolet (DUV) 1,2 and high-power 3 applications. With a high breakdown electric field of 8 MV/cm, a high saturation electron velocity of 2 Â 10 7 cm/s, and a large Baliga's figure of merit (BFOM), [4] [5] [6] [7] [8] [9] b-Ga 2 O 3 shows tremendous potential to outperform current high-power semiconductors such as GaN and SiC. Like most other UWBG materials, 10 b-Ga 2 O 3 also shows promise in harshenvironment applications, i.e., operating under radiation hazards and high temperatures. 11 Remarkably high interest in research on b-Ga 2 O 3 has arisen not only from the ready availability of large, low-cost, highquality wafers of bulk b-Ga 2 O 3 10 but also from its unique material properties due to its monoclinic crystal structure. b-Ga 2 O 3 is a 3D crystal that belongs to the C2/m space group with lattice constants a ¼ 1.22 nm, b ¼ 0.303 nm, and c ¼ 0.580 nm, and angle b ¼ 103. 8 . 12 The unit cell of b-Ga 2 O 3 contains 3 crystallographically unique oxygen atoms and 2 gallium atoms. The result of this arrangement is a strong chemical, electrical, and thermal anisotropy. 6 The two gallium positions comprise tetrahedral and octahedral arrangements, where the latter arrangement is situated parallel to the (010) plane. This results in not only a significantly longer a lattice constant but also strong cleavage planes parallel to the (100) and (001) planes, which permit a cleaving or mechanical exfoliation of thin flakes. The exfoliated layers may then be transferred to any arbitrary substrates. This process is similar to that done on 2D materials like graphene, for which the 2010 Nobel prize was awarded, 13 and transition metal dichalcogenides (TMDs) such as MoS 2 and WSe 2 . 14, 15 The mechanical exfoliation of b-Ga 2 O 3 has opened up the prospect of a great number of devices. [16] [17] [18] Very recently, electronic and optoelectronic devices constructed from mechanically exfoliated b-Ga 2 O 3 flakes have enjoyed considerable attention, including diodes, 19 transistors, [20] [21] [22] [23] [24] [25] [26] and photodetectors. 1, 18, 27, 28 However, the full breadth of potential devices has yet to be demonstrated because effective p-doping in b-Ga 2 O 3 is still not fully realized due to the absence of suitable shallow acceptors. 29, 30 Another reason is the character of the valence band states in b-Ga 2 O 3 : they are characterized as having small dispersion, large effective masses, and high density of states, which lead to highly localized and low mobility holes. [31] [32] [33] [34] On the other hand, after decades of development, p-type doping is now readily available in the wide bandgap (WBG) semiconductor GaN. It is also shown that GaN can be epitaxially grown on (2 01) b-Ga 2 O 3 due to the symmetry match. 35 Therefore, bipolar devices between bGa 2 O 3 and GaN are an appealing consideration. In this work, we report the construction of a p-n heterojunction between mechanically Fig. 1(f) ]. The backside of the tape was pressed down firmly on the p-GaN substrate. At this step, b-Ga 2 O 3 will adhere onto p-GaN by its own pseudo-van der Waals attractive forces. The entire structure was placed upside down on a hot plate set to 120 C with vacuum seal beneath [ Fig. 1(g) ]. The upside down placement and vacuum seal are to ensure that heat is evenly distributed and that the adhesion strength of the tape evenly decreases across the area of the tape. After 2 min, the adhesive strength of the thermal tape vanishes completely, and the stack may be separated cleanly from the tape. Mechanical exfoliation by this method will result in b-Ga 2 O 3 flakes ranging between tens of nanometers to over 100 lm thickness, depending on the number of times peeling off is performed.
Atomic force microscopy (AFM) was performed using a Bruker Multimode instrument to examine the surface roughness of the exfoliated flakes [Figs. 2(a) and 2(b)]. The root-mean-square roughness was 0.65 nm in a 5 Â 5 lm scanning area, which is comparable to previous studies. 22 Figure 2(c) shows the height profile of an 80 nm-thick exfoliated flake. The inset shows an optical microscopy image of the astransferred flake. High resolution x-ray diffraction (HR-XRD) was performed on the as-received b-Ga 2 O 3 to examine the crystal quality [ Fig. 2(d) ]. The measurements were carried out with a PANalytical X'Pert Pro diffractometer using the Cu Ka1 radiation as the X-ray source, a hybrid monochromator for the incident beam optics, and a triple axis module for diffracted beam optics. The full-width at halfmaximum (FWHM) of the (2 01) substrate is 43 arcsec, indicating excellent bulk crystal quality. values are highly consistent with previous works. 1, 28, 36, 37 These results confirm that the flake was exfoliated along the (100) plane.
A typical I-V characteristic of the heterojunction is shown in Fig. 3 (a) measured using a Keithley 2410 source meter for a 100 nm exfoliated b-Ga 2 O 3 flake. When a forward bias was applied to the heterojunction, the device showed rectifying behaviors and the current began to increase after the turn-on voltage. The turn-on voltage is defined as the voltage value at which significant current (1 Â 10 À5 A) starts to flow. The device showed a decent rectification property with a rectification ratio of $ 10 5 , as shown in the inset of Fig. 3(a) . During the transfer process, it is possible that the electrode metal on the b-Ga 2 O 3 flake may accidently contact with p-GaN to form a Schottky diode. To rule out this possibility, the I-V characteristic of the p-GaN Schottky diode on the same wafer was tested. The comparison curve in Fig. 3(b) and its inset shows a drastic difference between the heterojunction and the Schottky barrier, with large disparity in turn-on voltage and reverse leakage. The p-GaN Schottky diode has a turn-on voltage of 1.3 V and three orders of magnitude larger leakage current. This indicates that the p-n heterojunction between b-Ga 2 O 3 and p-GaN was indeed formed. Furthermore, a commercial software package, Silvaco, was used to simulate the energy band diagram for the p-n heterojunction. See Fig. 3(c) . To extract the band structure, 
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. The electron affinity of bGa 2 O 3 was set at 4.0 eV. 38 The local conduction band density of states was estimated to be 3.72 Â 10 18 cm À3 based on an electron effective mass of 0.28m 0 . 39 Using these parameters along with Silvaco's own built-in material properties for p-GaN, we were able to extract the bandgap structure for the b-Ga 2 O 3 /p-GaN heterojunction. The band structure showed valence and conduction band offsets of 1.27 and 0.11 eV, respectively, which is consistent with the experiment results by X-ray photoelectron spectroscopy. 40 The simulated ideal turn-on voltage was 3.2 V. Figure 3(d) shows a comparison between the several measured and simulated turn-on voltages. The two values are comparable, confirming that the exfoliated b-Ga 2 O 3 formed a heterojunction diode with p-GaN. The slightly larger measured turn-on voltages may be due to the existence of series resistance and defects, which are not taken into consideration in the simulation.
Owing to the heavily doped materials used in this diode (n ¼ 5 Â 10 18 cm À3 and p ¼ 10 19 cm
), there is a possibility to form a tunneling diode. Tunneling diodes typically exhibit a very narrow depletion region and exceedingly low turn-on voltages. 41 Furthermore, the forward I-V characteristic in a tunneling diode exhibits a large initial tunneling current at low biases followed by a region of negative resistance. The width of the depletion region for the diode in this study was calculated to be 37.1 nm, which is extremely wide for tunneling. Examining the diode turn-on voltages in Fig. 3(d) , we can see that tunneling is not a possibility, since the turn-on voltages in tunneling diodes are very low, usually lower than 1 V. In short, the tunneling mechanism was not observed in our devices. Figure 4 
where I s is the reverse saturation current, q is the electronic charge, V is the applied voltage, n is the ideality factor, k is the Boltzmann constant, T is the temperature, A is the diode area, D p and D n are the hole and electron diffusion coefficients (respectively), L p and L n are the hole and electron diffusion lengths (respectively), and N D and N A are the doping concentrations of the n and p layers (respectively). From (1), we can determine the saturation current as well as the ideality factor. As shown in Fig. 4(b) , with increasing temperature, the ideality factor decreased from 9.8 to 4.5 and turn-on voltage decreased from 3.6 to 2.3 V. The decrease in turn-on voltages is due to the enhanced diffusion current across the p-n heterojunction with increasing temperatures. Figure 4 (c) presents an Arrhenius plot of the conductance as a function of temperature at a forward bias of 3.5 V, where an improvement in conductivity is seen with increasing temperature. The activation energy estimated from Fig. 4(c) is 135 meV over the temperature range considered. In b-Ga 2 O 3 as well as most oxides, the n-type conductivity arises due to the deep-donor oxygen vacancies, which activate at elevated temperatures. [42] [43] [44] However, the doping concentrations used in this study are N D ¼ 5 Â 10 18 cm À3 and N A ¼ 10 9 cm À3 ; thus, the contribution of oxygen vacancies to conduction is likely minimal. In semiconductors, the intrinsic carrier concentration, n i , increases with temperature. This in turn leads to an increase in the saturation current which increases the total current. This explains the increase in conductivity with temperature in Fig. 4(c) . In addition, more b-Ga 2 O 3 /p-GaN diodes were formed with varying b-Ga 2 O 3 thicknesses. Figure 4 We demonstrated a p-n heterojunction constructed between mechanically exfoliated b-Ga 2 O 3 and p-GaN. The mechanical exfoliation process was described in detail and can be used for developing more advanced device structures. The electrical characteristics of the heterojunction were tested with I-V and temperature measurements. The formation of the p-n heterojunction between b-Ga 2 O 3 and pGaN was confirmed by both experiments and simulations. With increasing temperature, a decrease in both the ideality factor and turnon voltage was observed. The heterojunction showed good thermal stability up to 200 C. In addition, as the thicknesses of the b-Ga 2 O 3 flakes increased, the device's electrical performance remained consistent. This work can serve as an important reference for future devices based on the heterojunction of exfoliated b-Ga 2 O 3 and GaN for DUV, high-power, and high temperature applications. 
